ABSTRACT-The frequency and duration of bioturbation pits and their potential role in altering or maintaining the spatial heterogeneity of seagrass beds were evaluated within beds dominated by a mix of Zostera marina and Halodule wrightii near Beaufort, North Carolina, USA. Our evaluations were performed systematically over large (1/4 ha) sites in order to make generalizations as to the effect of b~oturbation at the scale at which seagrass landscape patterns are discerned. Eighteen 50 X 50 m sites, representing a wide range of seagrass bottom cover, were surveyed seasonally for 2 yr at 1 m resolut~o n to describe the spatial hcterogeneity of scagrass cover on the sites. We measured a iiumber of environmental factors, including exposure to waves, tidal current speed, percent seagrass cover, sedlment organlc content and silt-clay content, seagrass shoot density, above-and belowground seagrass biomass, and numbers of bioturbation pits in the bottom. Seagrass bed cover ranged from 13 to 100% of the site, with 0 to 1.3 % of the seafloor within the site showing discernable bioturbation pits. Three sites were selected for detailed study where we marked both existing bioturbation pits and new ones as they formed over time. Pits were measured every 1 to 3 d for width, length and depth until the pit was obscured; pit duration averaged -5 d with an observed maximum of 31 d. We found a bimodal frequency distribution of pits, with small pits (0.05 to 0.4 m') occurring more frequently than large pits (>0.4 m2), although the fewer large pits could account for over a third of bed margin disruption on a site. Even with a small amount of the open sand areas showing disturbance at any one time (51.3%). based on the rate of new pit formation, the return interval for disturbance of a given square meter of unvegetated bottom among seagrass patches was -1 2 yr. Pits often occurred within 1 m of seagrass bed margins and were of sufficient depth to fully disturb the seagrass rhizosphere Because of the frequency of pit formation, their depth and proximity to patch edges, it appears that bioturbation may play an important role in the maintenance of seagrass landscape pattern in the Beaufort area through disruption of the bed margins and, potentially, seedllng recruitment.
INTRODUCTION
Patchiness or spatial heterogeneity of seagrass beds arising from disturbance (sensu White & Pickett 1985;  'environmental fluctuations and destructive events') has often been attributed to physical factors such as wave action (Taylor & Lewis 1970 , den Hartog 1971 , Patriquin 1975 ) and tidal currents (O'Gower & 'Addressee for correspondence. E-mail: mark.fonseca@noaa.gov.us Wacasey 1967 , Scoffin 1970 , Taylor & Lewis 1970 , Fonseca et al. 1983 . Seagrass beds are also frequently disturbed a s the result of anthropogenic impacts (e.g. light reduction, dredging, motor boat impacts) as well as biogenic reworking (bioturbation) of the sediment.
Soft-bottom marine environments in general have been shown to be strongly affected by bioturbation as well. The effects of this bioturbation on community and trophic structure have been well documented in seagrass beds from a variety of geographic locations (see review by Short & Wyllie-Echeverria 1996) . The fauna performing this sediment reworking includes hemichordates and rays (Grant 1983) , holothuroideans (Rhoads & Young 1971) , polychaetes (Eckman et al. 1981 , Philippart 1994 , and other infaunal burrowers. Other studies have focused on the effects of biogenic reworking by fishes on meiofauna and have demonstrated high levels of bottom disturbance, with each square meter of bottom being disturbed within 70 to 120 d (Billheimer & Coull 1988 , Thrush et al. 1991 . Similarly, studies that have focused on the seagrassbioturbation interaction have described a variety of bioturbators. Ogden et al. (1973) documented the effect of the echinoid Diadema antillarum on the formation of grazing halos in seagrass beds adjacent to West Indian patch reefs. Similarly, Camp et al. (1973) and Valentine & Heck (1991) demonstrated the potentially strong role of Lytechinus variegatus in producing unvcgetated areas ir, seagrass beds in the northern Gulf of Mexico. Orth (1975) documented the destruction of large areas of eelgrass Zostera marina in the Chesapeake Bay to the feeding activity of the cownose ray Rhinoptera honasus. Suchanek (1983) and Harrison (1987) demonstrated the negative impacts of the burrowing shrimp Callianassa spp. on the seagrasses Thalassia testudinum and Zostera spp., respectively. More recently, Philippart (1994) demonstrated that sedlment reworking by lugworms (Arenicola spp.) presented sufficient disturbance to inhibit the expansion of Zostera noltii bed margins. Valentine et al. (1994) , however, found that even large animals such as rays were apparently unable to create unvegetated patches within existing Thalassia testudinum beds in the northern Gulf of Mexico, and that only very large rays were capable of producing pits at the bed-sand margin that resulted in damage to these seagrasses' rhizomes. They also found that sandollars Mellita quinquiesperforata did not disturb these edges whereas stonecrab Menippe spp. burrows were disruptive. They point out that the deep rhizome layer and comparatively larger rhizome diameter of T testudinum (as compared to Z. manna or Halodule wrightii as found in the Beaufort area) may insulate these plants from ray and sandollar disturbance.
One possible result of these varied sources of bioturbation is the development (or at least maintenance) of a fragmented pattern of plant coverage for some seagrass species, as suggested by Camp et al. (1973) . With the exception of the photographic documentation by Orth (1975) . few experiments have been conducted at landscape scales (i.e. the horizontal extent over which bed pattern is shown to be scale independent; for the Beaufort area, t h s is greater than -10 m h.orizonta1 dlstance, Fonseca 1996) . Rather, experiments of biological disturbance in seagrass beds have been conducted over somewhat smaller areas (e.g. -4.8 m horizontal extent; Valentine et al. 1994 ) requiring extrapolation to larger scales. One possible reason that bioturbation has not been systematically evaluated over larger areas in seagrass is that large-scale patterns of fragmented seagrass coverage have historically been associated with disturbance in the form of waves and tidal currents (Patriquin 1975 , Fonseca et al. 1983 , Kirkman & Kuo 1990 ) and anthropogenic impacts (Sargent et al. 1995) .
In an attempt to bridge the gap between smaller scale experiments and landscape-scale responses, our objectives in this study were to: (1) determine the temporal and spatial d~stribution of bioturbation in a range of seagrass habitats (dominated by a mix of Zostera marina and Halodule wrightii) with varying spatial heterogeneity, while (2) measuring the size and persistence of the bioturbation effects (which were evidenced by the formation of excavation pits). From these assessments we compared the kind and intensity of disturbance with levels found in other studies and considered the potential of this disturbance to affect the growth of seaurass bed marqins and thus influence seagrass landscape pattern.
MATERIALS AND METHODS
Field surveys of bioturbation intensity. As part of an ongoing study of seagrass landscapes and their relation to physical disturbance across a gradient of hydrodynamic regimes (Bell et al. 1994 . Murphey & Fonseca 1995 , Fonseca & Bell 1998 , we conducted summer and fall (May-June and October-November 1991 and 1992) surveys of seagrass bed coverage at the 1 m scale over 18 haphazardly located 50 X 50 m sections of seagrass beds near Beaufort, North Carolina, USA (34"41'N, 76"37'W) (Fig 1) . These sections of mixed Zostera marina and Halodule wrightii beds (with occasional Ruppia maritima) were chosen to represent a locally observed gradient in seagrass coverage that graded from discrete, -1 to 2 m diameter patches separated by several meters of unvegetated sand, to continuous cover (see Fig. 2 ).
During 2 yr of seasonal (May-June/NovemberDecem.ber) surveys of these 18 sltes, we observed and recorded the location of what appeared to be bioturbation pits (see Fig. 2 ). Each site was composed of a permanently marked, 50 X 50 m grid which was systematically surveyed for seagrass cover or bioturbation pits with 1 m resolution (Murphey & Fonseca 1995 , Fonseca & Bell 1998 . If a pit occurred in a given 1 m grid cell, that cell was recorded as a bioturbation pit. The size of the pits and the presence of numerous rays in. the area (Rhinoptera spp., Dasyatis spp.) led us to suspect rays in particular as being the primary agent of Fig. 1 Location of the eighteen 50 x 50 m sites surveyed in spring and fall 1991 and 1992 near Beaufort, North Carolina. USA, marked with white/black dots. The 3 sites selected for detailed study are designated with a box around the dots bioturbation although large decapod crustaceans (Callinectes spp., Menippe spp.) also were sometimes encountered on these sites (Table 1) .
From these surveys, w e theorized that the frequency and size of these pits could be sufficient to inhibit bed expansion through disruption of both seedling colonization and vegetative expansion of seagrass bed margins. The bioturbation pits were observed mostly In patchy seagrass beds rather than in cont~nuous beds. Moreover, many pits occurred at seagrass bed margins, resulting in broken rhizomes, dislodging and exposing both roots and rh~zomes and sometimes leaving the seagrass mat (shoots and attached roots and rhizomes) waving freely in the water column (authors' pers. obs.). These adventitious long shoots at the margins of the beds which we observed to be damaged are otherwise often primarily responsible for bed expansion (Duarte 1991, authors' pers. obs.) .
Refilling of bioturbation pits. Of the 18 sites surveyed, 3 sites were chosen that occurred in the middle range of the hydrodynamic gradient which was shown to be negatively correlated with seagrass coverage (Fonseca & Bell 1998 : r2 = 0.45; O/o cover = -0.0135 RE1 + 92.525). This gradient was defined using a relative wave exposure index (REI; sites ranged from -0.5 to 6.0 X 106; Table 2 ) and tidal current speed (range -5 to 35 cm S-'; Table 2 ). RE1 was computed by summing among 8 compass headings (north, northeast, etc.) the product of wind speed, frequency of wind from that direction and effective fetch from that direction (Keddy 1982 , Murphey & Fonseca 1995 , Fonseca & Bell 1998 . Tidal current speed was the peak velocity recorded on a site over a rising spring tide (Fonseca & Bell 1998 ). Spring and fall site surveys (May-June, OctoberNovember 1991 and 1992) indicated that sites in the middle to upper range of the RE1 gradient tended to have more bioturbation pits (Results; Table 2 ). Thus, we selected three, 50 X 50 m sites for this study from the intermediate tldal current and RE1 range (see 'Results'; Table 2 ) at similar depths (Site br2 = -0.07 m mean sea level; S~t e mmn = -0.31; Site ss4 = -0.16). The sites were located in an open bay, separated by tidal channels of at least 3 m depth and 100 m width, but within 3 km of each other.
Each of th.e 3 sites was divided into 25 equal, 10 X 10 m subplots beginning in August 1992 (as almost all bioturbation pits were observed to be formed during the summer survey period of the 18 sites) The amount of coverage in each of these 25 subplots was com.puted from the most recent survey (May 1992) and 3 of the 25 subplots that contained >50 % unvegetated substrate were randomly selected. This was done to ensure that during subsequent site surveys we would detect some pit development as comparatively little bioturbation was observed on sltes with higher bottom coverage ( Table 2) .
At the first survey visit in August 1992, existing bioturbation pits were identified and marked but were not included in our analysis because of their indeterminate age. Each subplot was visited every 1 to 3 d for 30 d and newly formed bioturbation pits were identified and marked with numbered survey flags, and measured for length, width, and depth. All previously marked pits were then remeasured. All pits were followed until there was no measurable difference In sediment elevation between the pit area and the surrounding sediment in a 1 m radius around the flag. Size-frequency of pit areas was calculated based on 5% changes in pit size relative to the 1.0 m2 resolution of the spring and fall surveys; the second increase In frequency for pit area classes (from small to large) was used as a demarcation of small versus large pit classes. Regression analysis (SAS 1989) was conducted on pit area over time, with and without subsequent reenlargement of the pits.
Pit to bed margin distances. In addition, we wanted to determine if pits were located significantly closer to seagrass bed margins than if they were randomly imposed on the landscape. If pits were closer to the seagrass bed margln than might be expected from a random draw, we posited that we could Infer some preference on the part of the organisms forming the pits to target seagrass bed margins, a tactic that would maximize disruption of vegetative propagation and, thus, bed expansion. To do this, we used the mapping information from, the seasons where bioturbation pits were detected (May-June 1991 , 1992 ; none were found in fall surveys) to conduct more detailed study of bioturbation pit distribution. We randomly chose thirty 1 mZ locations that were mapped as unvegetated bottom from each of the aforementioned three 50 x 50 m sites. The distances from observed pits to seagrass bed margins and those of the 30 random locations were compared after combining all surveys (year and site) using a l-way ANOVA on transformed data ( l n + l ) after an indication of heteroscedasticity using a Shapiro-Wilke test.
RESULTS

Field surveys of bioturbation intensity
Seagrass coverage on the sites was typically composed of patches several meters across, connected by narrow bands of cover with bioturbation pits interspersed near bed margins (Fig. 2) October-November 1991 and 1992) . Sites in the middle to upper range of the RE1 gradient tended to have more bioturbation pits ( Table 2) .
Refilling of bioturbation pits
We found a bimodal distribution of August 1992 bioturbation pit size classes which were categorized as either small pits (10.4 m2: all pit classes smaller than the second cohort; the second cohort was considered to occur after the first increase in pit class frequency after declining frequencies when proceeding from small to large pit classes) or large (>0.4 m2) (Fig. 3 ) Table 2 ). Size classes chosen at 5 % increments on a l m2 scale. Small pits are those 50.4 m2; large pits are >0.4 m2 tively few (n = 11) were found in the large size category (>0.4 to 0.6 m2 range) (Fig. 3) . Maximum pit size approached a square meter of seafloor and a quarter of a cubic meter of displaced sediment (Table 3) . Mean and maximum pit depths (Table 3) The total area of the small pits (<0.4 m*) was 1.41 m2, while the pits >0.4 m* totaled 2.17 m* or approximately 1.5 times that of the smaller pits. Linear regressions of pit refilling over time predicted that the maximum duration of a pit was approximately 35 d (X-intercept) with a mean of 16 d whereas simple means of refilling time by pit category indicated that the large category pits required up to a month to refill, while the majority of pits (small category) refilled in -5 d. The large category pits often were enlarged beyond their original size at formation after about 15 d, apparently due to additional bioturbation. Removal of reenlarged pits from the analysis reduced the predicted maximum duration to -22 d with a predicted mean of 9 d until refilling (Fig. 4 ) . The smaller, more frequently encountered pits tended to refill in a linear fashion. To better show the interaction of pit size at formation, time to refilling, and reenlargement, we plotted the data in a 3-dimensional format ( Fig  5) ; the peak in reenlargement for the fewer, large-size pits is revealed to have occurred near 21 d after initial formation. There were no unusual storm events during the period of our surveys thus, these pit refilling rates are likely representative of chronic rather than acute hydrodynamic conditions at these sites.
Because of the importance bioturbation may have for the heterogeneity of the seagrass landscape, we calculated the frequency with which any particular square meter of currently unvegetated bottom would be expected to experience pit formation. Using the average area of unvegetated bottom on a site from our May-June 1991 and 1992 surveys, and the frequency of new pit formation in unvegetated areas from the August 1992 pit filling survey, we computed that any square meter of unvegetated bottom within our study areas would experience a bioturbation pit approximately every 1.2 yr. 1.00) between observed pit-bed margin distances (n = 224) and that of randomly selected bare sand-bed margin distances taken from these survey maps (n = 360). However, when ranked by proxin~ity to bed margins, in May-June 1991, 7 3 % of the observed pits were immediately adjacent (<l m) to seagrass cover, while in May-June 1992, 56% were adjacent to seagrass (Table 4 ). In May-June 1991, all pits were located within 4 m of seagrass bed margins, while in MayJune 1992 pits were observed up to 9 m from seagrass bed margins (Table 4) . We observed few pits formed that were surrounded by seagrass; most pits appeared to be at bed margins or in open sand areas (e.g. Fig. 2) . We did not observe any colonization of pits by seagrass, but rhizome extension rates for these seagrasses are such that little movement into pits would be expected within a month (longest observed time to pit refilling). Again, broken and dislodged rhizomes were observed on the margins of pits adjacent to seagrass beds.
DISCUSSION
Even though a small portion of the unvegetated area among the seagrass patches shows signs of disturbance at any one time ( < 2 % ; e.g. Fig. 2 ), the frequency of pit formation is high enough so that any square meter of unvegetated bottom (at least in the sites of intermediate coverage and REI) over at least a 1/4 ha area is likely to be disturbed by bioturbation every -1.2 yr on average Unlike Valentine et al.'s (1994) damage bed margins through root-rhizome disruption and dislodge any seeds or seedlings. Like the findings of Valentine et al. (1994) , it appeared that bioturbation pits were formed on the edge of existing seagrass, and animals apparently did not often create pits in areas surrounded by seagrass at the 1 m scale, a finding consistent with that of Peterson et al. (1984) who found little evidence of effective burrowing through seagrass root-rhizome mats in the Beaufort area (but see Orth 1975) .
Although the majority (~8 0 % ) of the pits observed were 10.4 m2 in area, the large numbers of these small pits over these 1/4 ha areas could have a cumulative effect on bed heterogeneity. Larger pits, although fewer, accounted for 1.5 times more disturbed seafloor than the more numerous smaller pits. However, the effect of pit disturbance on bed margins would then decline as the square root of the area of the pit. Another way to view the influence of the larger pits is to consider that if all the pits were laid side by side and centered precisely along seagrass bed margins, the sum total of seagrass bed margin being disrupted by the larger pits would only be -35 %, of that disrupted by the more numerous, smaller pits. This suggests that disturbance effects from the larger pits might b e more profound in terms of chemical alteration of sediments or infusion of organic material into the sediment (sensu Yager et al. 1993 ) than their overall disruption of seagrass bed margins.
Although we did not observe any pit colonization by seagrass in the August 1992 study, this is likely due to a combination of rapid refilling (-30 d maximum time to refill) and low intrinsic rhizome extension rates (authors' pers obs.; up to -6.5 and 3.4 cm mo-l, for
Halodule wriyhtii and Zostera marina, respectively; Duarte 1991 , Gallegos et al. 1994 , especially with potential damage to the rhizome apicals. However, as seen in other studies of disturbance (sensu Sousa 19851 , the size of the disturbance influenced recovery (here, refilling) speed, and simple extent of pit size at formation did not always predict refilling. Large pits tended to refill more slowly than small pits (Fig. 4 ) because of further disruption which occurred some time after initial formation (Fig. 5) . We observed these reenlargements to often appear in the form of what appeared to b e a new, overlapping pit. Therefore, w e posit that this reenlargement was d u e to additional bioturbation where fauna used the large pit opportunistically, by continuing the excavation, presumably at lower cost to the burrowing organism than would b e realized by initiating a new pit.
Previous studies have examined the rate at which seagrass can recolonize disturbed areas (Zieman 1976 , Durako et al. 1992 . However, these studies were set where undisturbed seagrass surrounded the disturbance area. Bed margins, which occupy new space via vegetative expansion on one front only, should expand more slowly than in these previous studies, particularly when there has been a disturbance of the adjacent sand. Thus, we feel that when taken together-the -1.2 yr frequency of disturbance, the concentration of disturbance near bed margins, pits being formed at depths that usually exceed that of these seagrass species' rhizomes, and our field observations of rhizome damage when pits bordered seagrass patches-these levels of bioturbation could significantly impair the expansion of local, mixed Zostera-Halodule seagrass bed margins. Therefore, bioturbation may play an important role In the rnaintenance of local seagrass bed landscape pattern. Bioturbation might also influence the origin of these patterns if it were acting on developing beds, as occurs in particular with portions of many Z. marina beds that annually rely on seeds for bed maintenance (Thayer et al. 1984 , Orth et al. 1994 . Moreover, these seagrass beds experience biological disturbance year after year, making bioturbation a chronic feature of the disturbance regime which enhances the potential contribution of bioturbation to the landscape pattern of the seagrass beds.
As was shown above, numerous small disturbance events have the potential to cause nearly as much disruption of seagrass bed margins than a few large disturbance events. Assuming that pit size scales with animal size or intensity of feeding by a group of animals, we ask which species might be the major sources of these bioturbation pits? While we did not attempt to observe the organisms responsible for the bioturbation pits, numerous potential candidates are known to use the seagrass beds we studied (Table 1 ). The smaller pits could be the result of feeding or burrowing activity by blue crabs Callinectes sapidus, stone crabs Menippe mercenaria, oyster toadfish Opsanus tau or aborted feeding activity of rays (Orth 1975) . Although not represented in Table 1 (the gear used to capture the fauna in Table 1 is biased towards small seagrassbed residents), the larger pits could result from the feeding activity of the cownose ray Rhinoptera bonasus and southern stingray Dasyatjs amencana or the activities of flounder or horseshoe crabs. The largest influx of rays into North Carolina estuaries (early spring) coincides with the annual peak of sexual reproduction by Zostera manna, but occurs well after the onset of seed germination that starts in December. This spring timing of ray influx however, does coincide with the time for rapld seedling growth (Kenworthy et al. 1980) , creating an opportunity to strongly impact the colonization of new, unvegetated seafloor by Z. marina, even in the absence of direct predation on seeds (Wigand & Church111 1988) . Otherwise, all of the animal species mentioned are year-round residents so the possibility of bioturbation effects on the grass beds, though reduced during the winter, is ever present.
Data obtained from mapping seagrass beds across a gradient of hydrodynamic regimes (Fonseca & Bell 1998) indicates that the most detectable bioturbation occurs in beds found in the mid-range of hydrodynamically-mediated disturbance (REI) in this estuarine system. The higher belowground seagrass biomass found on sites wlth higher hydrodynamic activity may impair bed bioturbation (sensu Peterson et al. 1984 , Irlandi & Peterson 1991 , although pits appeared to be formed in unvegetated areas even in lower flow sites. We must a!so acknowledge that the comparatively higher wave and tidal currents at the very patchy sites may act to rapidly obscure pits, thus potentially biasing our survey estimates of bioturbation intensity at these sites downward. But even at the levels of bioturbation observed in beds within the mid-range of local hydrodynamic conditions, we predict that bioturbation would produce an additional depression of coverage to that already imposed by tidal currents and REI. Besides potentially inhibiting lateral spread of beds, and occasionally burrowing into and fragmenting existing beds, bioturbation could influence other bedforming processes, such as disrupting connections among patches. Breaking connections among seagrass patches decreases the percolation of the seagrass pattern (sensu With & Crist 1995). Fonseca & Bell (1998) theorize that breaks in these among-patch connections strongly contribute to a n observed threshold response .
involving seagrass cover and hydrodynamic setting, where seagrass-bed coverage drops quickly with small changes in hydrodynamic activity at a site (Fonseca & Bell 1998 ). Therefore, bioturbation may contribute not only to pattern expression of existing beds through bed margin disruption, but could theoretically lead to the birth of new, discrete beds by b r e a h n g connections among existing patches, creating the potential for subsequent hydrodynamically derived erosion.
We have shown bioturbation to be a consistent feature of fragmented seagrass beds over landscape scales (10's of meters). Moreover, as shown by Valentine et al. (1994) for Menippe spp., the disturbance level we observed has the capability to limlt the extension of the seagrass-bed margln. Any consideration of functions of seagrass beds that may be influenced by landscape pattern (e.g. fauna1 utilization, sensu With & Crist 1995) should recognize the landscape-scale contribution of bioturbation and not just those arising from hydrodynamic processes.
